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Summary 

Fast-  and  slow-reacting  subjects  exhibit  different  patterns  of  circa  40  Hz  band  electroencephalo¬ 
gram  (EEG)  activity  when  responding  as  quickly  as  possible  to  auditory  stimuli.  This  result 
appears  to  confirm  long-standing  speculations  of  Wundt  that  fast-  and  slow-reacting  subjects 
produce  speeded  reactions  in  different  ways,  and  demonstrates  that  analysis  of  event-related 
changes  in  the  amplitude  of  EEG  activity  recorded  from  the  human  scalp  can  reveal  informaticm 
about  event-related  brain  processes  unavailable  using  event-related  potential  measures.  Time- 
varying  spectral  power  in  a  selected  (35  to  43  Hz)  gamma  frequency  band  was  averaged  across 
trials  in  two  experimental  conditions:  passive  listening  and  speeded  reacting  to  binaural  clicks, 
forming  40  Hz  event-related  spectral  responses.  Factor  analysis  of  between-subject  event- 
related  spectral  response  differences  split  subjects  into  two  near-equal  groups  comprised  of 
faster-  and  slower-reacting  subjects  respectively.  In  faster-reacting  subjects,  40  Hz  power 
peaked  near  2(X)  and  4(X)  ms  poststimulus  in  the  react  condition,  whereas  in  slower-reacting  sub¬ 
jects,  40  Hz  power  just  before  stimulus  delivery  was  larger  in  the  react  condition.  These  group 
differences  were  preserved  in  separate  averages  of  relatively  long  and  short  reaction-time  epochs 
for  each  group.  Gamma-band  (20-60  Hz)  filt^ed  event-related  potential  response  averages  did 
not  differ  between  the  two  groups  or  conditions.  Because  of  this,  and  since  gamma-band  power 
in  the  auditoiy  event-related  potential  is  small  compared  to  the  EEG,  the  observed  event-related 
spectral-resptmse  features  must  represent  gamma-band  EEG  activity  reliably  induced  by,  but  not 
phase-locked  to  experimental  stimuli  or  events. 


2 


Introduction 


Nearly  a  century  ago,  Wilhelm  Wundt  proposed  that  there  are  two  types  of  subjects  in  sim¬ 
ple  RT  experiments:  fast-reacting  subjects,  who  respond  before  they  fully  perceive  the  stimulus, 
and  slower-reacting  subjects  who  wait  for  a  more  complete  stimulus  perception  befme  making  a 
response  (1).  Although  anatomical  and  physiological  studies  have  demonstrated  extensive  inter¬ 
connections  within  brain  sensmy  and  motor  systems  that  might  enable  equivalent  motor  output 
to  be  produced  via  activity  in  different  neural  pathways  (2,3),  qualitative  subject  differences  in 
electrophysiological  processing  during  RT  tasks  have  not  yet  been  identified. 

Two  different  iqrproaches  are  available  for  analyzing  EEC  dynamics  during  event-related 
response  experiments.  Time-domain  response  averages,  termed  event-related  potentials  (ERPs), 
isolate  potential  deviations  that  appear  in  successive  trials  at  the  same  time  and  in  the  same 
phase  OT  polarity  relative  to  an  experimental  event.  By  contrast,  averages  of  time-varying  event- 
related  spectral  (ERS)  power  reveal  event-related  modulations  of  ongoing  or  stimulus-induced 
oscillatny  EEC  activity  that  are  roughly  time-locked,  but  not  specifically  phase-locked  to  such 
events  (4).  The  ways  in  which  ERPs  change  when  subjects  actively  respond  to  auditory  stimuli 
instead  of  passively  listening  to  them  are  well  known  (S).  But  while  it  is  known  that  mean  EEG 
spectral  power  in  several  frequency  bands  covaries  with  changes  over  time  in  performance  of 
simple  tasks  (6,7),  less  is  known  about  nq>id  event-related  changes  in  non-phase-locked  EEG 
activity  during  task  performance  (8). 

This  is  particularly  true  fm  gamma-band  EEG  frequencies  (25  to  90  Hz  or  higher)  that  are 
most  commonly  supposed  to  be  associated  with  awareness  or  conscious  perception  (9-14).  In 
human  subjects,  gamma  band  activity  is  enhanced  during  intense  vigilance  and  performance  of 
cognitive  tasks  (6,9-10,15-17),  suppressed  during  central  anesthesia  and  slow  wave  sleep 
(1 1,12),  and  has  been  proposed  to  play  essential  roles  in  olfactory  recognition,  temporal  integra¬ 
tion,  visual  feature  binding  and  segregation,  and  sensorimotor  integration  (18-24).  Human  ERPs 
evoked  by  auditory  and  other  stimuli  contain  some  gamma-band  oscillations  (25-27),  but  in 
animal  cortex,  gamma-band  activity  induced  by  olfactory  and  visual  stimuli  usually  appear  as 
irregular  bursts  roughly  time-locked,  but  not  phase-locked  to  stimulus  onsets  (20,28-31). 

The  present  study  answers  three  questions:  (1)  How  does  the  EEG  frequency  spectrum  after 
presentation  of  brief  auditoiy  stimuli  differ  when  subjects  react  quickly  to  the  stimuli  instead  of 
passively  listening  to  them?  (2)  Do  gamma-band  components  of  the  stimulus-locked  ERP  also 
differ  in  the  two  conditions?  (3)  Do  fast-  and  slow-reacting  subjects  have  qualitatively  similar  or 
different  dynamic  patterns  of  gamma-band  EEG  activity  during  the  response  task?  Our  analysis 
of  time-varying  power  in  the  gamma  frequency  band  demonstrates  that  two  different  modes  of 
auditcxy  response  processing  underlie  between-subject  RT  differences,  supporting  claims  that 
gamma-band  activity  has  functional  significance  in  sensorimotor  processing. 

Methods 

Twenty-tiiree  right-handed  adults  (ages  20-53)  were  tested  in  two  conditions.  First,  1 10 
clicks  (2  ms  wide  square  pulses,  75  dB  SPL)  were  presented  binaurally  through  headphones  at 
random  inter-stimulus  intervals  of  3  to  7  s.  Next,  subjects  were  asked  to  react  as  quickly  as 
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possible  to  a  second  set  of  27S  identical  clicks  by  pressing  a  response  button  with  the  right  index 
finger.  EEC  epochs  of  640  ms  beginning  128  ms  before  each  click  were  recorded  with  a  sam¬ 
pling  rate  of  2000  Hz  using  a  12  bit  A/D  converter  with  an  analog  high  pass  filter  cutoff  of  0.67 
Hz  and  a  SO  Hz  notch  filter  to  exclude  line  frequency  artifacts.  The  single-channel  EEC  montage 
(Cz  referred  to  linked  mastoids)  was  chosen  m  maximize  the  chances  of  capturing  event-related 
gamma-band  activity  in  auditory  and  sensorimotor  cortices  (9,16,25).  RT  was  rectnded 
separately  with  a  temporal  resolution  of  1  ms.  Trials  with  RTs  shorter  than  1(X)  ms  or  Itmger  than 
600  ms  were  rejected  from  the  analysis.  To  exclude  large  eye  movements  and  muscle  activity, 
epochs  in  which  potential  anywhere  exceeded  47-70  uV  were  also  eliminated.  On  average,  80% 
of  the  trials  were  analyzed. 

After  data  collection,  response  epochs  were  low  pass  filtered  with  a  100  Hz  cutoff  and 
downsampled  to  a  sampling  rate  of  250  Hz  to  minimize  computer  processing.  All  filtering  used 
symmetric  Butterwtxth  filters  with  24  dB/octave  slopes.  Downsampled  epochs  were  then  aver¬ 
aged  for  each  subject  and  ctmdition,  creating  wide  band  ERPs.  Averaged  evoked  gamma-band 
resptmses  (GBRs)  were  calculated  separately  by  ^>plying  a  20  to  60  Hz  baiu4>ass  filter  to  epochs 
befne  averaging.  Mean  event-related  power  spectra  were  computed  by  applying  a  fast  Fourier 
transform  (FFT)  to  a  Hanning-tiq)eted  (-35, 5(X)  ms)  data  window  fiom  each  wide  band  (1-100 
Hz)  response  epoch,  extracting  power  at  each  firequency,  and  averaging.  Individual  subject  and 
grand  mean  spectra  were  calculated  in  both  task  conditions. 

To  compute  time-varying  40  Hz-band  ERS  responses,  each  20-60  Hz  pre-filtered  response 
epoch  was  divided  into  68  overlapping  24-point  (96  ms)  time  windows  with  a  shift  interval  of  8 
ms.  After  tqrering  with  a  Gaussian  window  and  zero-padding  to  64  points,  each  window  was 
ccmverted  to  spectral  power  using  an  FFT.  Since  gamma-band  power  was  affected  by  the  50  Hz 
notch  filter  used  in  the  recording,  the  range  35  to  43  Hz  was  chosen  for  analysis.  Power  in  this 
range  was  integrated  for  each  time  window  using  a  Hamming  function.  The  resulting  40-Hz 
ERS-response  transform  for  each  epoch  thus  consisted  of  68  power  estimates  at  8  ms  intervals. 
Statistical  significance  of  response  differences  in  the  various  measures  was  tested  by  repeated 
measures  analysis  of  variance,  by  Bonferroni-ccHiected  t-tests  for  dependent  samples,  and  by  t- 
tests  for  independent  samples,  using  p<.01  as  threshold  of  significance. 

Results 

As  expected,  the  wide  band  (1-100  Hz)  grand  mean  ERP  in  die  speeded  resptmse  (RT)  con¬ 
dition  (Bg.  lA)  contains  three  prominent  auditory  response  cmnpcments,  NlOO,  P2(X)  and  P300, 
whoeas  in  the  passive  listening  (noRT)  cmidition,  the  P3(X)  is  absent  (Fig.  IB).  The  grand  mean 
difference  wave  between  the  RT  and  noRT  omditions  (Bg.  IQ  reflects  the  significantly  smaller 
P200,  and  lar;^  V3O0  components  in  the  RT  cmidititm  (5).  Both  RT  and  noRT  grand  mean  20- 
60  Hz  GBRs  (BG.lDf )  contain  excursions  of  up  to  +/-  1.5  uV  during  the  first  1(X)  ms  after 
click  presentation  but  do  not  vary  as  a  function  of  task  (p=0.622)(Fig.  IF).  However,  the  grand 
mean  response  spectra  for  the  two  tasks  (Bg.  1G3)>  and  their  difference  (Fig.  II),  reveal  that 
response  epochs  cmitain  more  power  above  30  Hz  and  less  power  near  20  Hz  in  the  RT  than  in 
die  noRT  condition.  Although  analog  line  filtering  used  during  data  collection  obscures  task 
differences  near  50  Hz,  between  35  and  43  Hz  mean  spectral  power  is  significantly  higher  in  the 
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RT  condition.  A  task  difference  is  also  present  at  frequencies  above  SO  Hz,  suggesting  that  in 
humans  stimulus-induced  gamma-band  activity  may  appear  as  wide  band  bursts  similar  to  those 
seen  in  animals  (19). 

ERP  (I-IOOH2)  GBR  (2O-6OH2)  SPECTRUM 


TIME  (ms)  FREQUENCY  (Hz) 

Fig.  1:  Responses  to  didcs  in  passive  iistening  (noRT)  and  reaction  time  (RT)  task  conditions. 
Grand  meaiu  of  reqmnses  from  23  adult  subjects  (site  Cz,  band  pass  1-100  Hz  with  notch  filtering 
at  SO  Hz).  (A3)  Event-related  potential  (ERP)  waveforms.  Absdssa  is  time  re  the  onset  of  the  click. 
The  mrdinate  is  potential  in  uV.  Note  the  larger  positive  peak  near  300  ms  (P300),  and  the  smaller 
positive  peak  near  200  ms  (P200)  in  the  RT  condition.  (C)  Differaice  wave  between  vraveforms  in 
tntoes  A  and  B.  (D3)  Grand  mean  gamma^wnd  responses  (GBRs),  event-related  potentials  (from 
traces  A  and  B)  bami  pass  filtered  between  20  and  60  Hz.  (F)  Difference  wave  between  GBRs  in  D 
and  E.  (GJH)  Grand  mean  response  epoch  power  spectral  transforms  of  wide  bond  (1-100  Hz) 
filtered  response  epochs  (-30,  500  ms)  vdth  analog  notch  filtering  at  50  Hz.  Absdssa  shows  EEG 
frequency;  ordinate,  EEG  power  in  uV^.  (I)  Difference  spectrum  between  the  traces  in  G  and  H. 
Note  the  reduction  in  power  near  20  Hz  and  the  increase  above  30  Hz  in  the  RT  condition.  Power 
near  50  Hz  is  reduced  by  line  filtering. 

To  deteimine  whether  event-related  dO-Hz  dynamics  varied  with  mean  RT,  ERS  responses 
in  the  RT  condition  were  averaged  separately  for  subgroups  of  five  subjects  with  fastest  (167+/- 
36  ms)  and  slowest  (272+/-S7  ms)  mean  RTs.  These  two  subgroup  ERS-response  means  were 
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then  used  as  templates  to  split  the  remaining  subjects  into  two  groups.  First,  each  subject’s  ERS 
response  in  die  RT  ctmdition  was  correlated  with  both  subgroup  response  templates,  and  then 
was  assigned  to  the  group  that  had  a  response  template  with  which  it  was  more  positively  corre¬ 
lated.  For  one  subject,  both  conelation  coefficients  were  negative,  and  that  subject  was  rejected 
from  further  analysis.  In  this  manner,  ten  subjects  were  assigned  to  the  fast  responder  (Fast) 
group,  and  12  were  assigned  to  the  slow  responder  (Slow)  group.  When  the  grand  mean  ERS 
responses  of  the  enlarged  groups  were  used  as  the  correlation  templates,  no  subject  assignment 
changed.  The  splitting  procedure  also  separated  subjects  by  mean  RT.  No  subject  in  the  Slow 
respcmder  group  had  a  lower  mean  RT  than  any  of  the  Fast  responder  group,  and  accordingly, 
the  mean  RT  of  the  10  Fast  responders  (176fA44  ms)  was  significantly  shorter  than  that  of  die 
12  Slow  respcMidas  (244+/-78  ms). 

As  a  check  of  the  implication  that  22  subjects’  ERS-response  pattern  differences  framed 
two  distinct  groups,  the  Pearson  correlation  matrix  for  the  23  subjects’  ERS-response  differences 
(RT-noRT)  was  submitted  to  a  (^factor  analysis  on  subjects  with  Varimax  rotation.  With  one 
exception,  the  same  subject  whose  response  crarelated  negatively  to  both  response  templates 
(Hg.  2a,  left),  all  subjects  loaded  positively  rai  the  first  factor  (FI)  (Fig.  2A),  which  explained 
46%  of  the  total  variance;  the  outlier  subject  was  widely  separated  firom  the  rest  of  the  group. 
The  second  factor  (F2),  explaining  25%  of  variance,  clearly  split  the  other  22  subjects  into  two 
groups  by  its  (+/-)  sign  of  loading  (Fig  2A).  Plotting  the  22  individual  F2  loadings  against  indi¬ 
vidual  mean  RTs  (Fig.  2B),  two  subject  groups  differing  both  in  gamma-band  dynamics  and  per¬ 
formance  clearly  emerge.  The  ten  subjects  whose  mean  RTs  were  shorter  than  195  ms  load  in 
the  opposite  direction  to  the  twelve  remaining  subjects  whose  mean  RTs  were  longer  than  195 
ms.  The  sign  of  loading  on  F2  reproduces  exactly  the  group  affiliations  determined  by  template 
correlation. 

Grand  mean  ERPs,  GBRs,  mean  spectra,  and  40-Hz  ERS  responses  were  then  calculated 
separately  for  the  two  subject  groups.  There  woe  no  significant  group  differences  in  the  mean 
spectra  (p=0.992),  nor  in  the  GBRs  (p=0.999),  and  except  for  P3(X)  amplitude,  which  was  nega¬ 
tively  correlated  with  RT,  there  were  no  differences  in  the  two  groups’  wide  band  ERPs.  Figures 
3A  and  3B  show  grand  mean  4()-Hz  ERS  responses  for  the  Fast  and  Slow  responder  groups  in 
the  RT  conditirai.  Although  mean  ERS-response  power  did  not  differ  significantly  between  the 
two  groups  (p=0.282),  its  temporal  dynamics  were  significant  across  groups,  as  was  the  interac¬ 
tion  of  group  and  dynamics.  Results  for  the  noRT  conditirai  (Hg.  3CJ>)  were  similar:  group 
diffineiice  in  mean  ERS-response  power  was  not  significant  (p=0.192),  but  its  temporal  dynam¬ 
ics  were  significant,  and  interacted  with  group  affiliation.  Latency  of  the  first  poststimulus  ERS- 
response  peak  (Hg.  3A-D)  was  near-significantly  (p=0.025)  Iraiger  (76+/-27  ms)  in  Slow 
responders  than  in  Fast  respraiders  (534-/-19  ms). 

Difference  waves  between  ERS  responses  in  RT  and  noRT  conditions  for  the  two  groups 
(Hg.  3EJ0  show  the  effects  of  task  and  group  affiliation  on  40-Hz  dynamics.  The  most  prom¬ 
inent  difference  wave  components  for  Fast  responders  are  peaks  near  2(X)  and  4(X)  ms  that  appear 
only  in  the  RT  conditirai  (Fig.  3A).  In  contrast,  the  task  ERS-response  difference  for  Slow 
responders  (Hg.  3F)  contains  no  peaks  after  stimulus  presentation.  Instead,  these  subjects  have 
si^iificantly  larger  mean  40-Hz  power  just  before  the  stimulus  in  the  RT  condition  (Fig.  3B) 
than  during  passive  listening  (Fig.  3D). 
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FACTOR  ANALYSIS  ON  SUBJECTS 


Flf.  2:  Factor  analysis  on  subjects  (Q<Factor  Analysis)  was  performed  on  a  Pearson  correlation 
matrix  on  task  differcnoes  between  individual  event>related  spectral  (ERS)  responses  near  40  Hz. 
(See  text  and  Fig.  3  for  details).  Output  submitted  to  Varimax  rotation.  (A)  Scatter  plot  of  the 
subjects  foctor  loading  on  the  second  foctor  (F2)  against  their  loading  on  the  first  foctor  (FI).  With 
the  exception  of  one  outUa-  Ocft)»  all  subjects  toad  positively  on  the  FI.  However,  F2  splits  the 
sample  by  sign  of  loading  (W-).  (B)  Scatter  plot  of  F2  against  individual  mean  RT.  Abscissa:  mean 
RT  in  ms.  Ordinate:  the  subject’s  loadii^  on  F2.  Note  that  F2  separates  subjects  by  mean  RT:  no 
subject  in  the  Slow  responding  group  had  a  lower  mean  RT  than  any  of  the  Fast  group. 


To  test  the  consistency  of  the  group  ERS-resptxise  differences,  for  each  subject  epochs  in 
the  RT  condition  were  grouped  into  relatively  short-RT  and  long-RT  subsets,  depending  on 
whether  RT  was  shtmer  or  longer  than  the  subject  median.  Dotted  lines  in  Figs.  3A  and  3B  show 
ERS-iesptmse  averages  fra:  the  long-RT  and  shrat-RT  epochs  of  each  group.  Between-group 
ERS-respraise  differences  are  clearly  maintained  in  this  split-half  comparison,  even  between 
ERS  responses  Bom  long-RT  epochs  of  Fast  responders  (RT=201+/-48  ms)  and  from  shrat-RT 
epochs  of  Slow  respondos  (RT=2()24-/-36  ms),  data  subsets  that  do  not  differ  significantly  in 
mean  RT  (p=0.536).  Statistical  comparison  confirmed  the  absence  of  a  significant  effect  of  RT 
subset  on  ERS-respraise  dynamics  (p=0.S74). 

Discussion 

Results  of  our  ERS-respraise  analysis  support  three  conclusions:  First,  two  stable  but  quali¬ 
tatively  different  patterns  of  event-related  changes  in  EEC  power  near  40  Hz  occur  during  pro¬ 
duction  of  simple  speeded  reactions  in  different  subjects.  Second,  the  two  response  patterns 
divide  subjects  into  two  roughly  equal  groups.  Third,  the  two  patterns  are  associated  widi  dif¬ 
ferent  mean  RTs,  one  produced  by  relatively  quick  responders,  and  the  other  produced  by  sub¬ 
jects  who  on  average  react  more  slowly.  The  results  demonstrate  that  equivalent  mean  EEC 
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EVENT-RELATED  SPECTRAL  RESPONSES  (35-43  Hz) 


FAST  RESPONDERS  (N=10)  SLOW  RESPONDERS  (N=12) 


TIME  (ms)  TIME  (ms) 


Fig.  3:  Grand  mean  event-related  spectral  (ERS)  responses  for  two  subject  subgroups:  10  Fast 
respomters  and  12  Slow  responders  from  the  original  23  subjects.  Task  conditions:  reaction  time 
(RT)  and  passive  listening  (noRT).  Eadi  trace  plots  mean  time-varying  power  at  40  Hz  at  site  Cz 
(referred  to  United  mastoids).  See  text  for  details  of  group  selection  and  igiectral  transform 
parameters.  Abscissa:  time  re  stimulus  onset.  Ordinate:  power  in  uV*.  (A)  Mean  ERS  responses  of 
10  Fast  responders  and  (B)  Mean  ERS  responses  of  12  Slow  responders,  both  in  the  RT  *a««r  The 
dotted  traces  show  the  ERS-response  averages  for  short-RT  and  long-RT  epochs  (relative  to  subject 
median)  from  the  Fast  and  Slow  responders,  respectively.  The  solid  vertical  Unes  represent  grand 
mean  RTs,  and  the  dotted  vertical  lines,  the  means  of  above-  and  beiow-median  RTs,  reflectively. 
(C)  Mean  ERS  responses  of  10  Fast  responders  and  (D)  12  Slow  responders  in  the  noRT  task 
condition.  (E)  Difference  wave  between  the  RT  and  noRT  condition  responses  shown  in  A  and  C. 
(F)  Difference  wave  between  the  traces  shown  in  B  and  D.  Dotted  lines  in  D  and  E  show  Himt«  of 
slgpiiflcant  difference  (p<.01). 
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the  stiinulus,  thoe  is  no  difference  between  reacting  and  passive  task  conditions  (Fig.  3F).  In 
contrast,  faster  responders  have  equally  low  40-Hz  power  before  the  stimulus  in  both  conditions, 
but  their  ERS  responses  in  the  reaction  time  task  contain  phasic  relative  increases  in  40-Hz 
power  near  2(X)  and  4(X)  ms  postsdmulus  (Fig.  3A3).  Because  significant  40-Hz  activity  in  the 
ERP  does  not  last  Itmger  than  120  ms  (Figs.  ID-F),  the  later  ERS-response  peaks  in  fast 
responders  must  reflect  gamma-band  activity  induced  by,  but  not  phase-locked  to  stimulus 
presentations  and/w  motor  resptmses,  and  therefme  not  appearing  in  the  ERP. 

A  plausible  interpretation  of  the  faster-reacting  subjects’  ERS-response  patterns  is  that  dur¬ 
ing  the  RT  task,  auditory  stimuli  induce  a  series  of  modulations  of  the  probability  of  appearance 
of  stimulus-induced  cortical  gamma-band  bursts  or  transients.  Event-related  enhancements  of 
gamma-band  activity  with  similar  latencies  have  also  been  found  in  two  quite  different  studies. 
Enhancements  of  the  auditmy  steady-state  response  (SSR)  driven  by  clicks  or  tones  repeating  at 
rates  near  40  Hz  also  peak  near  2(X)  and  4(X)  ms  under  some  conditions  (32),  and  a  half-cycle 
jerk  of  a  visual  grating  induces  gamma-band  oscillatory  activity  in  cat  striate  cortex  that  peaks 
near  200  ms  (33).  It  is  not  known  whetiier  there  are  similar  group  differences  in  EEC  modulation 
patterns  after  imperative  visual  stimuli,  but  it  is  possible  that  the  similar  time  courses  of  event- 
related  modulations  of  spontaneous,  of  stimulus-induced,  and  of  driven  gamma-baiul  activity 
reflect  the  action  of  a  common  brain  modulatory  system  or  systems  involved  in  attention  and 
production  of  speeded  responses. 

Several  central  ascending  transmitter  systems  are  known  to  modulate  the  abundance  of 
auditory  cortical  response  activity  (16,34).  In  particular,  stimulation  of  the  nucleus  basalis  of 
Meynan  can  rapidly  induce  onset  of  high-frequency  oscillations  in  the  auditory  cortex  of  rats, 
suggesting  that  stimulus-induced  activation  of  ascending  cholinergic  outflow  from  the  nucleus 
basalis,  stimulated  by  input  from  the  reticular  formation  following  attended,  task-relevant  audi¬ 
tory  stimuli  (35),  may  enhance  stimulus-induced  gamma-band  oscillations  in  auditory  cortex  of 
fast  respcHiders  in  the  RT  task.  The  nucleus  basalis  is  also  involved  in  producing  the  contingent 
negative  variaticm  (CNV),  a  low-frequency  potential  appearing  before  expected  events  (36),  sug¬ 
gesting  that  cholinergic  activation  might  also  be  responsible  for  slow  responders’  larger  pre¬ 
stimulus  gamma-band  activity  in  the  RT  task.  Although  the  observed  ERS-response  pattern 
differences  appear  compatible  with  this  or  other  central  modulator/  models,  our  data  do  not 
allow  definite  conclusions  about  generators  of  response  features. 

Two  recent  reports  of  behavioral  experiments  involving  auditory  choice  RTs  have  proposed 
grouping  subjects  into  fast  and  slow  responders  on  the  basis  of  differences  in  their  RT  histo¬ 
grams  (37,38).  Neither  those  authors  nor  we  have  detected  a  basis  for  a  group  difference  in 
stimulus-locked  ERPs,  implying  that  important  aspects  of  performance-related  brain  processing 
are  reinesented  in  changes  in  phase-incoherent,  but  not  in  phase-coherent  gatiuna-band  activity. 
To  what  extent  does  ERP  activity  contribute  to  ERS  responses?  Probably  very  little,  because 
although  the  20-60  Hz  filtered  GBR  contains  potential  deviations  larger  than  1  uV  (Fig.  ID,  IE), 
peak  35-43  Hz  power  in  the  GBR  amounts  to  0.03  uV^,  a  small  fraction  of  ERS-response  power 
at  the  same  moment  (70  ms).  In  general,  for  all  frequencies  above  about  10  Hz,  ERS-response 
means  are  little  affected  by  adding  or  removing  ERP  activity,  because  at  these  frequencies  the 
ratio  between  power  in  the  (phase-incoherent)  EEG  and  (phase-coherent)  ERP  is  large  (4). 
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Group  differences  in  response  times  have  been  modeled  as  differences  in  response  bias 
(35),  in  accord  with  the  hypothesis  of  Wundt  and  others  that  slower  ("sensorial")  responders  wait 
to  fully  perceive  a  stimulus  and  then  react  to  their  perception,  whereas  the  process  of  fast  ("mus¬ 
cular")  responding  was  described  by  Kuelpe  as  involving,  "a  somewhat  indistinct  sensation  of 
the  initiating  stimulus  [which  often]  does  not  become  clear  until  the  reaction  has  been  per- 
fonned"  (39).  This  hypcMhesis,  that  response  initiation  in  faster  responders  may  precede  some 
aspects  of  stimulus  perception,  is  compatible  with  our  finding  that  RT  differences  between  rela¬ 
tively  fast-  and  slow-reacting  subjects  arise  firom  group  differences  in  neurophysiological  pro¬ 
cessing  during  response  preparation  and  execution.  The  significant  interaction  of  subject  group 
and  ERS-response  dynamics  in  the  passive  listening  condition,  appearing  to  arise  from  a  near¬ 
significant  group  difference  in  the  mean  latency  of  the  early  poststimulus  peak  in  gamma-band 
power,  also  suggests  the  presence  of  early  auditory-processing  differences  between  the  two 
groups.  The  stability  across  RT  subsets  of  the  300  ms  ERS-response  minimum  and  400  ms  max¬ 
imum  for  Fast  responders  (Fig.  3A)  shows  that  the  two  groups  differ  in  brain  processes  occurring 
after  the  motor  response  as  well,  possibly  associated  with  differences  in  information  integration 
orconsolidatimi. 

Do  the  two  groups  only  produce  different  proportions  of  relatively  short  and  long  RTs  and 
associated  ERS  responses,  or  does  only  one  ERS-response  pattern  characterize  all  or  most  of 
each  subject’s  responses?  The  high  within-group  consistency  of  ERS-response  means  for  short- 
RT  and  long-RT  epochs  (Fig.  3A3  dotted  lines)  implies  that  differences  between  the  two 
groups’  response  patterns  do  not  arise  directly  from  timing  differences  in  executing  motor 
responses.  Rather,  the  consistency  of  group  responses  differences  in  these  split-half  comparisons 
suggests  that  a  large  majority  of  most  subjects’  ERS-response  patterns  are  correlated  with  a  sin¬ 
gle  ERS-response  template. 

The  larger  pre-stimulus  40-Hz  power  fm*  Slow  responders  in  the  RT  condition  (Fig.  3B  JO 
was  not  accompaiued  by  a  group  difference  in  pre-stimulus  power  at  20  Hz.  The  relative 
decrease  in  20  Hz  EEC  power  in  the  RT  condition  (Fig.  II)  may  be  a  consequence  of  active 
suppression  of  a  focal  brain  rhythm  at  or  near  19  Hz  generated  in  or  near  the  primary  somatomo¬ 
tor  areas  in  both  humans  and  animals  during  quiet  vigilance  and  motor  preparation,  that  is 
suppressed  before  voluntary  movements  (3,15,40,41). 

Do  stimulus-  or  response-linked  muscle  potentials  contaminate  the  ERS  response  results? 
This  possibility  can  be  reasonably  rejected  for  the  most  part,  because  (a)  the  ERS-response  pat¬ 
terns  do  not  correspond  to  known  latencies  of  auditory  stimulus-evoked  muscle  activity  (42),  (b) 
ERS-respcmse  power  near  250  ms  after  clicks  is  equal  in  both  task  conditions  for  the  Slow 
responder  group  (Fig.  3F),  and  (c)  short-RT  versus  long-RT  epoch  comparisons  within  both  sub¬ 
ject  groups  (Fig.  3A3  dotted  lines)  contain  no  ERS-response  features  that  differ  in  latency.  It  is 
unlikely,  therefore,  that  muscle  potentials  significantly  contaminate  the  poststimulus  ERS 
records.  However,  we  cannot  rule  out  the  possibility  that  the  higher  pre-stimulus  activity  during 
the  react  conditicm  in  slow  responders  might  in  part  arise  firom  a  difference  in  anticipatory  mus¬ 
cle  activity. 

The  late  40-Hz  ERS-response  peak  near  4(X)  ms  in  Fast  responders  (Hg.  3A)  might  arise 
fiom  a  peak  in  34  to  42-Hz  activation  recently  shown  to  be  generated  over  the  motor  cortex 
about  2(X)  ms  aftm*  voluntary  finger  movements  (43).  Gamma-band  EEG  has  long  been 
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associated  with  states  of  high  arousal,  alertness,  or  attention  (6,10,15,16).  The  pre-stimulus  40- 
Hz  group  difference,  therefore,  might  instead  reflect  slower  responders’  stronger  anticipation  of 
imperative  stimuli  (14),  <x  a  mote  focused  preparation  to  react  to  them  (25).  Their  mme  intense 
anticipaticm  might,  in  turn,  require  more  fully  elaborated  stimulus  processing,  accompanied  by  a 
more  distinct  perception  of  the  stimulus,  to  initiate  a  motor  response,  as  Wundt  and  other  early 
psychologists  suggested,  resulting  in  slower  mean  RTs. 

It  is  now  well-established  that  ERP  techniques  provide  convenient,  noninvasive  measures 
of  phase-coherent  event-related  brain  activity  (23).  The  present  results  show  that  wide-  and 
narrow-band  spectral  response-averaging  methods  provide  parallel  noninvasive  measures  of  the 
dynamics  of  phase-incoherent  event-related  brain  processes  (4),  and  demonstrate  that  stable 
group  differences  in  neurophysiological  processing  can  be  detected  in  EEG  recordings,  even 
during  simple  tasks  performed  at  equivalent  levels  of  performance.  Further  experiments  are 
required  to  study  the  topographic  distribution  of  ERS-response  patterns  at  all  frequencies,  to 
determine  the  relationship  between  ERS  responses  and  low-ftequency  ERP  features,  to  compare 
subject  behavioral  and  response  characteristics  (Hi  simple  and  choice  reaction  tasks,  and  to 
characterize  the  behavicnal  concomitants  of  the  observed  ERS-response  differences.  Finding 
qualitative  group  differences  in  psychophysiological  piocessing  during  speeded  responding,  as 
opposed  to  graded  individual  differences  in  response  speed,  also  suggests  the  possibility  of  using 
time-frequency  averaging  meth(xls  to  identify  neurophysiological  concomitants  of  other  subject 
and  task  differences  (44,45). 
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